Abstract. Phylogenetic community structure can provide insight into the ecological dynamics that drive species co-occurrence and community assembly patterns. Understanding these patterns is important for predicting future community composition in the context of climate change and other anthropogenic disturbances. However, we know little about how these environmental stressors might change interspecific interactions. Here we present an analysis on the role of putative foundation species (cushion-type life forms) in determining the phylogenetic community composition of vascular plants at the local scale. We also investigated how community diversity and structure shifts across an environmental severity gradient. Abundance data for vascular plants was collected within and outside of four focal cushion plant species along an elevation gradient in Canadian alpine tundra. We compared differences in species-specific abundance within plots with foundation plants to the same measure in adjacent open plots. Using a timecalibrated molecular phylogeny, we quantified community structure metrics, including the net relatedness index (NRI), a novel net relatedness to focal index (NRFI), and an index of species co-occurrence across the gradient. We examined the trends in these indices with cushion plant presence/absence and environmental severity using both linear regression and mixed effect models. We found that the loss of species richness at higher elevations was counterbalanced by a decrease in interspecific relatedness, maintaining phylogenetic diversity across the gradient. We found no evidence for community diversity or structure modifications by cushion plants, nor any evidence that species were preferentially associating with these hypothesized foundation species. On the contrary, many species had significantly negative co-occurrence with the cushion plants. Overall, our results suggest that the cushion plant life forms may exhibit interspecific dynamics that are at least as competitive as they are facilitative. The decrease in phylogenetic clustering with elevation suggests that traits that allow persistence in these conditions are convergent at the local scale.
INTRODUCTION
Phylogenetic community structure can help in our understanding of how communities are formed and how they may be expected to change in the face of anthropogenic pressures such as land-use conversion, species invasions and global climate change (Cavender-Bares et al. 2009 ). However, much of the phylogenetics literature has focused on how environmental filtering and competitive interactions drive community structure, with less attention being paid to the role of facilitation (Valiente-Banuet and Verdu 2013, Martorell and Freckleton 2014) . Understanding both negative and positive species interactions will be important to resolving the overall dynamics of communities at a local scale (Bertness and Callaway 1994 , Choler et al. 2001 , Callaway et al. 2002 , Brooker et al. 2009 ). Critically, species ranges are predicted to shift as the result of the changing climate, but how this will affect complex interspecific dynamics is dependent on the processes structuring community assembly and co-existence (Davis and Shaw 2001, Lavergne et al. 2010) .
The effects of climate change are predicted to be more intense in arctic and subarctic regions (Houghton et al. 2001) , thus understanding patterns of community structure in these ecosystems is all the more pressing. Subarctic habitats are characterized by conditions that generally limit plant diversity such as short growing seasons, persistent snow cover and permafrost (Frost et al. 2013) . It has been proposed that cushion plants (recumbent plants with closed canopies) play an important role in the maintenance of vascular plant diversity through the buffering of environmental stressors (Badano et al. 2006) . Several studies have demonstrated that cushion plants may reduce the effects of severe environmental conditions including temperature, moisture and wind stress as a result of their tightcanopied growth form (Korner and de Moraes 1979 , Cavieres et al. 2002 , Reid and Lortie 2012 . These life forms offer an ideal model system for the study of facilitative effects on community structure because it is easy to differentiate between within and outside cushion habitat.
There are two ways in which environmental buffering within cushion plants could maintain diversity in alpine communities. First, buffering could allow for the establishment and persistence of species that would otherwise be unable to survive due to environmental stressors, and therefore foster a higher diversity of species within the cushion compared to the external habitat (Arredondo-Nunez et al. 2009 , Cavieres et al. 2014 . Alternatively, cushion plants may simply increase the heterogeneity of the habitat at a local scale, supporting a different but not necessarily more diverse community of species than that outside the cushion (Butterfield et al. 2013) . In both cases some species unable to survive outside the cushion plant find refuge within it, while others that are competitively excluded from the cushion persist outside of it.
In a recent global study of the effects of alpine cushion plants on community structure, Butterfield et al. (2013) found support for the increasing divergence of communities within cushion plants versus outside cushion plants, which they termed the divergence hypothesis. While both within and outside cushion plant communities became less diverse in terms of species richness and phylogenetic diversity with increasing environmental severity, the increasing divergence of these two communities from one another maintained overall phylogenetic diversity across the gradient.
While the findings of Butterfield et al. (2013) emphasize positive interactions, it is likely that cushion plants exert a combination of competitive and facilitative effects on co-occurring species and this competition-facilitation balance may be expected to change under different environmental conditions (Choler et al. 2001 , Callaway et al. 2002 , Brooker et al. 2009 ). The stress-gradient hypothesis posits that where there is low environmental severity competitive interactions will be dominant, while in severe environments facilitative interactions will be the most important (Bertness and Callaway 1994) . This hypothesis assumes that biotic interactions are an important structuring force across the entire gradient, while classical phylogenetic theory suggests that biotic interactions will become less important as environmental severity increases (Webb et al. 2002) . The stress-gradient hypothesis predicts an increase in within cushion evolutionary distinctiveness with environmental severity due to increasing dominance of facilitative interactions, while communities outside of the cushion plant will become less diverse and more clustered as a result of environmental filtering (Butterfield et al. 2013) .
Therefore, while both the divergence hypothesis and the stress-gradient hypothesis predict that phylogenetic diversity will remain constant with increasing environmental stress, the latter expects within cushion phylogenetic relatedness to decrease and outside cushion relatedness to increase with elevation, while the former expects both within and outside cushion plant relatedness to increase.
In this study we investigated the role of foundation species exhibiting a cushion life form v www.esajournals.org on plant community structuring within a subarctic community across a steep elevation gradient. Elevation is assumed to represent a gradient in environmental stress due to the scarcity of water, strong winds and lower temperatures at high elevations (e.g., see Cavieres et al. 2002 , Arroyo et al. 2003 . This allowed us to evaluate how the structuring dynamics of foundation species might change with environmental severity at the local scale, and how this affects the wider community. It has been long observed that species richness and diversity generally decrease up elevation gradients. We therefore expected to see a decrease in species richness and phylogenetic diversity with increasing elevation outside the cushion plants but separate community shifts within them as constituent species might be buffered from the high elevation stressors.
METHODS

Study site
Data collection was conducted on Mount Irony, Labrador approximately 40 km from the town of Schefferville, Quebec, Canada (N54.90, W67.16). The study site is a mesic-xeric tundra ecosystem near the apex of a southeastern facing slope along a steep elevation gradient from 750 m to 810 m above sea level. Although the absolute elevation gain is relatively small, shifts in climate and community structure occur over fine spatial scales at these high latitudes. The gradient coincided with a transition from shrub-dominance at the lowest elevations to dwarf-shrub dominance at the highest. Cushion forming species were present throughout the entire study area.
Focal species selection
Four focal species (Arctous alpina (L.) Niedenzu, Dryas integrifolia Vahl, Salix uva-ursi Pursh, Salix vestita Pursh) were chosen based on their ability to form cushion structures, potential for facilitation and occurrence along the entirety of the elevation gradient (Fig. 1) . Dryas integrifolia (Fig. 1B) might help in the establishment and persistence of other species as it is a primary successional plant that can grow on harsh substrates, forms organic-rich soil and possesses a cushion structure (Svoboda and Henry 1987, Jones and Henry 2003) . Though its ability to fix nitrogen has not been definitively proven, the closely related species Dryas drummondi L. is known to perform this function (Markham 2009 ), making D. integrifolia a credible candidate facilitator. Salix uva-ursi (Fig. 1C) forms dense cushions that are presumed to provide protection from the strong winds and low temperatures at higher elevations. Salix vestita (Fig. 1D) is not technically cushion forming; however, similar low-lying alpine Salix shrubs have been shown to perform a nurse-plant function by promoting persistent snow cover (Dona and Galen 2007) . No data exists on possible facilitative functions of A. alpina (Fig. 1A) , but it possesses a form similar to S. uva-ursi, a tight cushion of living and dead shoots that would be expected to perform snowtrapping and insulating functions. Despite possessing similar growth forms the species come from three distinct orders (Salix within Malpigihales, Dryas within Rosales and Arctous within Ericales), allowing us to explore how phylogenetic identity affects the community structure within and around these plants.
Data collection
Relative abundance data was collected across 232 quadrats during an intense period of sampling in July of 2013, which coincided with the end of the growing season and therefore the annual peak of biomass for most species. Using a topographic map of the area, we generated a set of random GPS coordinates located along transects at 810 m, 795 m, 780 m, 765 m and 750 m elevation. These points were visited in a randomized order. Each location was considered to extend 10 m in each direction along the transect line and 5 m outward from the transect line. Within each location, focal individuals that formed a cushion structure between 0.05 m 2 and 0.3 m 2 in size were identified and numbered. A random individual of each focal species present at a given location was then selected.
At each sampling site, a 0.3-m 2 circular quadrat was centered on the focal individual. Only plots with greater than or equal to one-third live cover and containing at least one additional vascular plant species (i.e., excluding the focal individual) were measured. A paired open plot of equal area was defined immediately adjacent to the focal plot in a randomized direction, and was required to have greater than or equal to one-third live cover and to contain no candidate focal individuals. The one-third live cover requirement for all plots was needed to ensure we were comparing community structure in similarly vegetated plots, and not contrasting plant communities to bare ground, as found along rock slides. Percent cover of all vascular species within each plot was estimated visually. Six focal individuals of each species were sampled at each elevation level, except S. uva-ursi (for which only two focal individuals were sampled at 750 m elevation due to its rarity on this end of the gradient), for a total of 116 focal plots and the equivalent number of paired open plots.
Phylogeny construction
A total of 55 species were sampled across the 232 plots. DNA sequence data for the rbcL and matK genes was mined from BOLD (www. boldsystems.org) and GenBank (http://www. ncbi.nlm.nih.gov/genbank/) for most species. MatK sequences for Luzula spicata (L.) DC., Lycopodium annotinum L., S. uva-ursi and Selaginella selaginoides (L.) Beauv. ex Mart. and Schrank were unavailable and these species were aligned based on rbcL alone. Neither gene sequence was available for Draba norvegica Gunnerus and Minuartia biflora (L.) Schinz and Thellung, but because they were the only species of their genus sampled in the study we substituted the sequences of closely related species Draba glabella Pursh and Minuartia rubella (Wahlenb.) Hiern, respectively. Sequences were also unavailable for Solidago macrophylla Pursh, and since a species of the same genus (S. multiradiata Aiton) was sampled in the study, it was necessary to combine these two species for the purposes of the analysis.
Sequences were aligned for each gene separately using ClustalW (Larkin et al. 2007 ) and then concatenated using SeqState (Mü ller 2005).
The most appropriate substitution model for each gene, GþIþC, was determined using MrModelTest (Nylander 2004) in PAUP* (Swofford The consensus tree originally indicated that S. selaginoides and Cystopteris montana (Lam.) Bernh. ex Desv. were sister taxa, diverging more than a hundred million years after a split with the rest of the tree. This is inconsistent with current understanding of the evolution of these species, as S. sellaginoides L. is a Lycopodiophyte and C. montana is a Pteridophyte and these groups diverged long before the origin of the seed plant lineages (Wolf et al. 1998 ). The discrepancy is likely caused by the difficulty in resolving such an ancient divergence with limited genetic data ( just one gene for these species). To correct for this bias, the node joining the two species was pushed back to the base of the tree (385.1 my) so that both species maintained their phylogenetic distances with all other species while more accurately representing their ancient divergence from each other. The final 54-species phylogeny is shown in Fig. 2 . Faith's (1992) phylogenetic diversity (PD) and species richness (S) were calculated for each plot using the picante package in R (Kembel et al. 2010) . Community phylogenetic structure was characterized for each plot using the net relatedness index (NRI), calculated in Phylocom (Webb et al. 2008) . This index represents the mean pairwise distance (MPD) among species in the community standardized to random expectations generated by shuffling the community matrix keeping constant plot and species totals as described in Gotelli (2000) . The difference between the observed and the mean random MPD values was divided by the standard deviation of the random MPD distribution and then multiplied by À1 to get the NRI (Webb 2000) .
Data analysis
Calculations using the related nearest taxon index (NTI) yielded results that were qualitatively similar. To examine the structuring role of the focal species, we derived a similar metric, the net relatedness to focal index (NRFI), calculated using the mean distance to the focal species instead of all pair-wise differences. This index was calculated for focal plots only and excluding focal species abundance from the calculation.
A co-occurrence probability matrix was generated by multiplying the community presenceabsence matrix by its inverse and dividing by the species abundance totals. The community presence-absence matrix was then shuffled (999 replicates) while keeping plot and species totals constant, again using the algorithm developed by Gotelli (2000) to generate a null distribution of co-occurrence probability matrices. The fraction of random matrices for which the observed probabilities were higher or lower than observed was calculated for each pair-wise interaction and corrected for multiple tests using the Benjamini and Hochberg (1995) correction. Values greater than 0.95 were considered to indicate that a species pair co-occurred non-randomly. The same procedure was then followed to generate a standardized co-occurrence probability matrix for each elevation separately in order to control for species pool differences across elevations and to assess how co-occurrence changed over the gradient.
The difference in vascular plant species' abundances between focal and open plots was assessed using a paired t-test. Separate tests were performed for each of the four focal species. Identical tests were carried out with presenceabsence data. The species-specific t-values generated by these tests were then plotted as functions of distance to the focal species to assess whether the statistical difference between focal and open plot abundance could be explained by the phylogenetic relationship between that species and the focal. Focal species t-values were excluded from the analysis. Correlation was assessed by linear regression in R.
Last, multiple linear regressions were used to model changes in community diversity and structure metrics across the elevation gradient, between focal and open plots, and between the four focal species. Each regression included one of S, PD, NRI, NTI or NRFI as the response v www.esajournals.org variable, with plot elevation as a continuous explanatory variable and type (focal or open) and focal species as discrete factors. We explored both presence-absence and abundance-weighted community data where applicable. Mixed effects models where focal species and plot type were nested within elevation as a discrete random factor were used to confirm the importance of predictor variables for each of the community diversity and structure metrics. 
RESULTS
We found no significant difference in the probability of occurrence or abundance of any of the observed species between focal and open plots (all P . 0.05 from paired t-tests with and without considering abundance). In addition, we found no evidence that any statistical associations between focal and open plots was correlated with phylogenetic distance between the focal species and co-occurring species (P . 0.05 from the regression of t-statistics against pair-wise phylogenetic distance), even before correcting for multiple tests.
Results of the linear regressions on community diversity and structure metrics are presented in Table 1 , and relationships to elevation are represented graphically in Fig. 3 . Focal identity is a significant factor for all metrics (P , 0.001 for all models). However, focal plots show no difference from open plots in terms of any of the community diversity metrics tested here. Species richness, NRI, NTI and NRFI all decrease significantly with elevation (P , 0.03 for all metrics) and PD shows no significant change (P . 0.05). For simplicity, only models generated with presence-absence data are shown in Table 1 . Additional models were generated excluding the focal species from the analysis, in order to more rigorously evaluate the effect of the focal species on community structure and diversity, but these also showed similar patterns (Appendix : Table  A5) . Mixed effects models, with plot type and focal species as fixed factors nested within elevation as a discrete random factor, and with S, PD, NRI and NTI as response variables, confirmed the significance of focal species and elevation as significant factors (both P , 0.05), and the insignificant difference between focal and open plots (P . 0.1).
Out of the 1431 pair-wise species combinations 36 were found to co-occur more frequently than expected by chance, while 20 were found to cooccur less frequently than by chance after correcting for multiple tests (Appendix : Table  A2 ). Only 2 of the 36 detected positive cooccurrences involved focal species, contrasted with 10 of the 20 negative co-occurrences. D. integrifolia was the only focal species to be involved in a detectable positive co-occurrence interaction, while all four focals were implicated in negative co-occurrence relationships.
DISCUSSION
Contrary to our initial expectations, we found no difference in species abundance between focal and open plots for any of the focal cushion species. We therefore find little support for the suggestion that these cushion forms are facilitating the recruitment of a distinct vascular plant community, contrasting with evidence from other alpine environments (Butterfield et al. 2013 ). In addition, in determining the relationship between community diversity and structure metrics with elevation, we found that presence of a cushion species was not a significant factor.
The results of the co-occurrence analysis also cast doubt on whether the selected focal species act as facilitators in this system. Focal species made up four out of the 54 species (7.4%) included in the analysis and yet were implicated in only 5.6% of significant positive co-occurrences and 50% of negative co-occurrences (Appendix: Table A2 ). If focals were acting as facilitators we would have expected species to be found more often with focals where they receive the benefits of this facilitation. However, the data Notes: All models were generated using presence-absence data. For each model n ¼ 232, except NRFI where n ¼ 116. Since only focal plots were examined in the NRFI model, plot type was not used as an explanatory variable.
v www.esajournals.org indicates that few species (two) show preferential association with focals, while many more (ten) co-occur less often with a focal species than expected by chance (Appendix: Table A2). It was not possible to separate out deviations from random co-occurrence that result from biotic interactions from those resulting from abiotic factors such as habitat preference. However, the focal species were distributed fairly uniformly throughout the study area, and it is therefore possible that some of the observed negative cooccurrences are due to competitive exclusion by the cushion plants. We additionally examined the relationship between co-occurrence and phylogenetic distance to focal species, but again found no significant relationship.
The diversity metrics paint a coherent but unexpected picture of elevational change. Species richness declined with elevation, as was expected with the greater environmental severity experienced at higher elevations (Webb et al. 2002) . This is almost certainly due to the limited number of species that are capable of tolerating these harsh conditions. However, we found no significant change in phylogenetic diversity (PD). The lack of change in PD suggests that while the number of species declines with increasing elevation, PD is maintained through the presence of more distantly related species, but independently from any association with cushion plant Fig. 3 . Graphical representation of the relationship between elevation (in meters above sea level) and select community diversity and structure metrics. Species richness (S) and the net relatedness index (NRI) both show negative relationships with elevation.
v www.esajournals.org life forms.
The idea that changing community relatedness is responsible for the maintenance of PD across the gradient is well supported by the community structure data. All metrics of the standardized relatedness of species (NRI, NTI and NRFI) show significant declines with increasing elevation. Thus communities become less phylogenetically clustered and more phylogenetically dispersed with an increase in elevation, the opposite of the hypothesized pattern of increasing clustering at higher elevations (Butterfield et al. 2013 ). The more phylogenetically dispersed communities contain more evolutionary distinctiveness per species and can therefore maintain phylogenetic diversity despite a loss of species richness at high elevations.
The observation that community relatedness decreases at higher elevations runs contrary to expectations of the stress-gradient and divergence hypotheses (Butterfield et al. 2013) . We predicted that if the traits that allow persistence in the more severe environments were phylogenetically conserved, we would observe increased environmental filtering at the top of the elevation gradient and thus a more clustered community (Webb et al. 2002) . Instead we see the opposite pattern. If we assume that more environmental filtering occurs at high elevations based on indicators of severity and decreased species richness, we are forced to re-evaluate the assumption that traits that confer the ability to survive at the highest elevations are evolutionarily conserved. As described by Webb et al. (2002) , when habitat filtering is the structuring force, over-dispersed communities result from the convergent evolution of ecological traits. The data suggests, therefore, that the traits necessary for survival at high elevations in this system evolved convergently in multiple lineages.
The evolutionary history of the focal species is illustrative, and further supports the claim that the traits that allow persistence at high elevations have evolved multiple times independently. Salix uva-ursi and Arctous alpina share a similar cushion growth form, but have very unique evolutionary histories. Meanwhile, Dryas integrifolia's closest relative in our phylogeny is Rubus arcticus L., which does not express the cushion growth form and is unable to survive at the highest elevations. In addition, the cushion plant growth form has evolved separately in as many as 37 different plant families (Reid et al. 2010) . These relationships illustrate the convergent evolution of the cushion growth form itself as one example of a trait that is known to confer tolerance to this severe environment. Alternatively, it is possible that greater phylogenetic over-dispersion at higher elevations might reflect greater facilitation among less closely related species. However, whilst we found significant correlations in pair-wise co-occurrence values with pair-wise phylogenetic distance and elevation, explanatory power was low, and likely not biologically meaningful. This weak correlation indicates that the traits that determine species cooccurrence are not well explained by phylogenetic distance alone. We therefore suggest that, as for traits conferring resilience to environmental pressures, traits relevant to co-occurrence in this system might also demonstrate evolutionary convergence.
There are several possible explanations for why our observations of increasing phylogenetic dispersion with environmental severity are so divergent from the existing literature. One key factor is the difference in spatial scale. Butterfield et al.'s (2013) environmental severity gradient encompassed many alpine communities across five continents. It has been proposed that patterns of phylogenetic diversity are highly sensitive to spatial scale, with larger spatialscales that encompass greater environmental heterogeneity capturing the emergence of niche conservatism as the dominant structuring pattern (Cavender-Bares et al. 2009 ). Local-scale patterns may be more dependent on inter-specific interactions, both competitive and facilitative (Emerson and Gillespie 2008) . One other small-scale characterization of plant community structure over an elevation gradient in the American Rockies found similar patterns to those presented here (Bryant et al. 2008) , supporting the idea that deviations from global studies may be at least partially explained by difference in spatial scale.
Another consideration that might help explain the lack of evidence for facilitation is the effect of temporal dynamism. Phylogenetic community structure is known to vary across time, with initial colonization of new habitat showing community clustering and then tending towards over-dispersion as competitive interactions bev www.esajournals.org come the dominant structuring force (Emerson and Gillespie 2008) . For example, D. integrifolia, a known facilitator during primary succession (Svoboda and Henry 1987, Jones and Henry 2003) , did not display much positive co-occurrence with other species and tended to be found in randomly to over-dispersed communities at high elevations. Even if D. integrifolia did support the recruitment of a diverse range of species during early successional stages, its cushion plant growth form may have allowed it to outcompete these species later in succession. Since the major cause of natural plant community disturbance, fires, are infrequent and small in size in the tundra (Wein 1976) , vascular plant communities in these habitats may be found more often in late stages of succession when competitive dynamics rather than facilitation are the primary determinants of species co-occurrence patterns. Last, it remains possible that plants in this study system do not exhibit sufficient cushion growth form to promote distinct community structures. Although our focal species fit the conventional definition of cushion plants, the operational definition of cushion form can vary between studies.
CONCLUSION
In summary, our results provide significant insights into the phylogenetic dynamics of alpine plant communities. No statistically significant difference was observed between plots centered on focal cushion plants and open plots, thus we find no evidence that these cushion species are maintaining assemblages that are more diverse than or distinct from the surrounding community. On the contrary, species pairs containing focal species were slightly underrepresented when it came to significant positive co-occurrence and highly overrepresented when it came to significant negative co-occurrence. We therefore suggest that cushion plant interactions with other species may be at least as competitive as they are facilitative.
Over the elevation gradient, unexpected patterns emerged. Community diversity and structure metrics showed that while species number decreases with elevation, as would be expected due to increased environmental filtering, the species that occur at higher elevations tend to be more evolutionarily distinct. We therefore suggest that the traits that allow a species to persist at high elevations may tend to be evolutionarily convergent rather than conserved. This suggestion is supported by the observation that the cushion plant growth form, a trait associated with adaptation to high elevations, has evolved in parallel in many different lineages.
Our study contrasts with previous work on facilitation by cushion plants. One explanation for this contrast is a difference in spatial scale. Our results suggest that at this very local scale cushion plants are not engineering habitats that support more diverse assemblages of vascular plants, nor creating a microhabitat that supports a distinct plant community. This implies that the assertion in Butterfield et al. (2013) Table A5 . The significance of focal species identity, plot type and elevation in determining community diversity and structure metrics based on multifactor linear regression model analysis that excludes focal species presence/absence. Notes: All models were generated using presence-absence data. For each model, n ¼ 232, except NRFI where n ¼ 116. Since only focal plots were examined in the NRFI model, plot type was not used as an explanatory variable.
